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Abstract 
Industry-leading multi-crystalline PERC processing has been applied to kerfless wafers made directly from molten silicon using 
Direct Wafer™ technology, avoiding the need for ingot production and sawing of bricks into wafers, thus providing significant 
cost saving potential. Efficiency averaged 18,7% and a champion efficiency of 19,1% was achieved on wafers with uniform 
doping using only mass production tools and processes. An additional efficiency gain was obtained using non-uniform doping, 
with a higher dopant concentration on the backside of the wafers that we call “drift field wafers”. Simulations predict an 
efficiency increase of up to 0,9% in efficiency. In the first test, we demonstrated increased efficiency by 0,3% compared to 
uniformly doped wafers, leading to an average of 19,0%, with single cells > 19,3%.  Further refinement of the wafer doping 
properties and co-optimization with mainstream cell process technologies will help accelerate the silicon PV learning curve and 
drive down costs for the prevailing multi-crystalline market.  
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1. Introduction 
The Direct Wafer™ production process developed by 1366 Technologies fabricates high-performance kerfless 
silicon wafers directly from molten silicon and offers an attractive lower-cost alternative to the wasteful ingot 
casting and sawing methods dominating industry today. Compatibility with standard cell processes and equipment 
allows more rapid progress by leveraging advancements throughout the silicon PV value chain.  Production lots in 
excess of 10,000 wafers were processed using an industrial PERC process. A champion cell efficiency of 19.1%, 
certified by Fraunhofer CalLab, was achieved using a p-type baseline uniformly doped kerfless wafer and the cell 
process currently applied in high volume manufacturing. 
In recent experiments, the unique capacity to create a grown-in doping gradient with higher doping on the 
backside was demonstrated with Direct Wafer production technology, leading to additional efficiency improvement. 
Each wafer is grown individually so that the doping profile can be controlled while near melting temperature. A 
doping gradient is assumed to introduce a built-in drift field between the back and the front side of the wafer, 
potentially allowing for a more efficient current extraction [1,2,3], among other potential benefits for solar cell 
performance. 
2. Experimental setup 
2.1. Wafer production 
Kerfless Direct Wafer product was fabricated from three identical production furnaces with a nominal capacity of 
>5 MW/year each, therefore capable of producing several thousand wafers per day. Baseline wafers are 180 μm 
thick and uniformly boron-doped to 1.5–2.0 ȍ-cm. The “drift field wafers” were produced with a doping gradient 
between the front and back surfaces, with a lower average resistivity around 0,7 ȍ-cm. Wafers are plasma textured 
on the front surface prior to shipment to customers. 
2.2. Cell processing 
Solar cells were produced using an industrial PERC process, enabling a cell efficiency of 19.2% in large scale 
production with standard wire sawn multi-crystalline wafers [4]. The entire processing of the kerfless wafers to 
completed solar cell was done on mass production tools using mass production-relevant processes.  
2.3. Measurement of doping concentrations 
Doping concentrations at the front and backside were determined for the “drift field” and standard wafers by CV 
measurements [5] of solar cells and some “flipped” solar cells (where the wafers were turned upside down before 
processing, enabling CV measurements of the doping of the wafer backside).  The average doping was determined 
by eddy current measurements. In addition, the doping profile throughout the wafer was determined by spreading 
resistance measurements on a bevelled wafer. 
3. Results and discussion 
3.1. Doping profiles 
Fig. 1 shows that for the standard wafer the average doping and the doping at front and back are almost constant. 
The doping concentration found for the drift field wafers differ by a factor of ~ 4 between front and backside, 
showing that the doping engineering was successful.  
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Fig. 1. Doping concentrations determined on the actual wafers used by Eddy Current (average) and CV (front and backside surfaces) 
 
Fig. 2 further shows an example of a doping profile measured via spreading resistance analysis. The conditions 
during wafer formation can be adjusted to influence the specific shape of this profile, but the plot below is 
representative for the first round of cell processing experiments described in this paper. 
 
Fig. 2. Doping profile determined by Spreading Resistance Analysis on gradient doped Direct Wafer product. 
3.2. Simulation results 
To estimate the potential efficiency increase due to the incorporation of this doping engineering, we simulated 
three cases of different doping profiles as shown in Fig. 3 by a 2D finite element simulation of a PERC cell (see Fig. 
4).  
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Fig. 3. Doping profiles used in 2D finite-element simulation. 
 
 
Fig. 4. Simulated efficiency potential of drift field wafers (green) compared to uniformly doped wafers (blue) 
Fig. 4 shows the potential efficiency gains predicted by the simulation relative to a uniformly doped wafer with 
1,8 ȍ-cm resistivity.  An efficiency increase of 0,93% is expected for the drift field profile with the lowest average 
resistivity of 0,45 ȍ-cm (“linear”), promising a 0,14% gain over uniformly doped wafers with the same resistivity. 
For the two drift field profiles at 0,7 ȍ-cm, the potential gain does not depend strongly on the profile shape. In fact, 
even a uniformly lower doping with 0,7 ȍ-cm would already lead to 0,58% potential efficiency gain, and the 
additional gain from a drift field is 0,05%. However, uniformly doped wafers with resistivities <1 ȍ-cm are not 
used in production, because high doping at the front surface of the wafer leads to unacceptably early prebreakdown 
in reverse direction [3]. For drift field wafers, this limit will be lower, because the doping at the p-n junction is lower 
than the average doping, enabling higher average doping concentrations. 
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3.3. Measured Cell Efficiency and breakdown voltage 
The cell results in Table I confirm increased efficiency from drift field wafers obtained in the experiment, with a 
benefit of 0,3% compared to the standard wafers. An average efficiency of 19,0% was achieved for drift field 
wafers, with single cells above 19,3%. The efficiency increase is mainly due to considerably higher fill factors 
(+1.4% on average) and due to higher Voc (+5 mV on average), both likely increased due to the higher average base 
doping. 
Table 1. Cell efficiency results, lot averages for Direct Wafer product.  
Cell type Voc  
(mV) 
Isc  
(A) 
FF  
(%) 
K  
(%) 
Average 
U:cm 
Uniformly Doped Wafers 638 9,12 78,2 18,7 1,70 
Gradient Doping Wafers 643 9,08 79,6 19,0 0,65 
 
Fig. 5. shows the dependence of the reverse current Irev at -13V as a function of the average base doping for solar 
cells made from drift field Direct Wafer product and from uniformly doped wafers (both Direct Wafer product and 
wire sawn multi-crystalline reference wafers).  One potentially significant difference between the uniformly doped 
Direct Wafer product and multi-crystalline reference, is the front surface morphology. Crystal-defect-related etch 
pits in iso-textured multi-crystalline cells decrease the breakdown voltage [6, 7], whereas in the case of Direct Wafer 
product, no such etch pits are expected due to the plasma texture. The comparison between the breakdown voltage of 
uniformly doped, plasma-textured Direct Wafer cells and iso-textured multi-crystalline reference cells in Fig. 4 
shows only a small difference between the two groups, which may be texture related.  For gradient doping wafers, 
the Irev increases above 2A only for cells with a resistivity below 0,5 ȍ-cm, which is in clear contrast to uniformly 
doped wafers, where this happens at around 0.8 ȍ-cm for both uniformly doped Direct Wafer product and multi-
crystalline references.  
 
Fig. 5. Dependence of the reverse current Irev at – 13V as a function of the average base doping of Direct Wafer drift field solar cells (blue), 
uniformly doped Direct Wafer solar cells (red), and uniformly doped multi-crystalline reference wafers (green). 
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4. Conclusions 
The unique possibility to introduce a doping gradient from back to front in a kerfless silicon wafer was shown to 
increase the solar cell efficiency by ~ 0,3% absolute, mostly due to gains in fill factor and open circuit voltage. 
Simulations predict an even higher potential gain and show that a big part of it stems from the increased average 
doping, consistent with experimental observations. A doping concentration this high cannot be used for uniformly 
doped wafers, because of reverse breakdown criteria. For wafers with doping gradient, however, it is possible 
because of the reduced doping in the region of the p-n junction, which determines the breakdown voltage. Therefore 
this doping engineering technique is a very promising feature unique to kerfless wafers, and we believe that in future 
experiments we can demonstrate an even higher efficiency gain as indicated by the simulations. 
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